Male-killing phenotypes are found in a variety of insects and are often associated with maternally inherited endosymbiotic bacteria. In several species of Drosophila, male-killing endosymbionts of the genus Spiroplasma have been found at low frequencies (0.1 to 3%). In this study, spiroplasma infection without causing malekilling was shown to be prevalent (23 to 66%) in Japanese populations of Drosophila hydei. Molecular phylogenetic analyses showed that D. hydei was infected with a single strain of spiroplasma, which was closely related to male-killing spiroplasmas from other Drosophila species. Artificial-transfer experiments suggested that the spiroplasma genotype rather than the host genotype was responsible for the absence of the male-killing phenotype. Infection densities of the spiroplasma in the natural host, D. hydei, and in the artificial host, Drosophila melanogaster, were significantly lower than those of the male-killing spiroplasma NSRO, which was in accordance with the hypothesis that a threshold infection density is needed for the spiroplasma-induced male-killing expression.
Incidences of male-specific death at early developmental stages, called male killing, have been found in a variety of insects, such as ladybird beetles, fruit flies, butterflies, and moths (16) . In many of these cases, the causal agents have been identified as maternally inherited endosymbiotic bacteria, such as Spiroplasma, Rickettsia, Wolbachia, and Arsenophonus (18) .
Members of the genus Spiroplasma, belonging to the class Mollicutes, are spiral, wall-less, actively motile, very small (0.1 to 0.2 m thick and 4 to 5 m long), and associated with plants and arthropods. For instance, Spiroplasma citri, Spiroplasma phoeniceum, and Spiroplasma kunkelii are known as plant pathogens transmitted by insect vectors; Spiroplasma apis and Spiroplasma melliferum as pathogens of the honeybee; and Spiroplasma poulsonii as a maternally inherited male killer in Drosophila fruit flies (44) .
In Central and South American countries, S. poulsonii and its relatives with a male-killing phenotype have been found in the Drosophila willistoni species group, including D. willistoni, Drosophila nebulosa, Drosophila equinoxialis, and Drosophila paulistorum, and have been called by the acronyms WSRO (from willistoni sex ratio organism), NSRO, ESRO, and PSRO, respectively (45) . Recently, a male-killing spiroplasma that was indistinguishable from NSRO on the basis of several gene sequences was found in Drosophila melanogaster in Brazil and designated MSRO (27, 28) . Infection frequencies of the malekilling spiroplasmas are generally low: 0.1 to 3% in the D. willistoni species group (45) and 2.3% in D. melanogaster (28) .
In a Japanese population of Drosophila hydei, Ota et al. (31) microscopically observed a high frequency (46%) of spiroplasma infection without the male-killing phenotype. To date, this case has been the only report of a non-male-killing spiroplasma occurring in natural Drosophila populations. It was of great interest to discover whether the high frequency of spiroplasma infection had been maintained in the D. hydei population, what spiroplasma strain is associated with D. hydei, and whether the non-male-killing spiroplasma is phylogenetically related to the male-killing spiroplasmas, like WSRO, NSRO, and MSRO.
In this study, we found that the non-male-killing spiroplasma is still prevalent in Japanese populations of D. hydei, even after 27 years. By using diagnostic PCR detection, molecular phylogenetic analysis, artificial symbiont transfer, and quantitative PCR techniques, we investigated the following aspects of the non-male-killing spiroplasma associated with D. hydei: (i) infection frequencies among host populations; (ii) phylogenetic position in the genus Spiroplasma; (iii) relationship to the male-killing spiroplasmas from other Drosophila species; (iv) inability to cause male killing, not only in D. hydei but also in D. melanogaster; and (v) infection dynamics during host development and aging.
MATERIALS AND METHODS
Fly collection. Adult D. hydei insects were collected by standard bait traps with fresh bananas and dried yeast at Tsukuba (Ibaraki Prefecture), Matsudo (Chiba Prefecture), Iwata (Shizuoka Prefecture), Naga (Wakayama Prefecture), and Matsuyama (Ehime Prefecture) from May to July 2005 (Fig. 1) . The wild-caught females were individually allowed to lay eggs on a standard cornmeal medium. After a week, the ovaries were dissected from each of the females and used for DNA extraction. The flies were reared at 25°C under a long-day regimen (16 h of light and 8 h of darkness).
Diagnostic PCR detection of endosymbiotic bacteria. DNA was extracted from the dissected ovaries by macerating them in 200 l of a squishing buffer (10 mM Tris-HCl [pH 8.2], 1 mM EDTA, 25 mM NaCl). To this was added 200 g of proteinase K, and the samples were incubated at 55°C for 30 min. The samples were then heated to 95°C for 10 min to inactivate the proteinase K and centri-fuged for 2 min at 10,000 ϫ g. The supernatants were subjected to diagnostic PCR detection of Spiroplasma, Wolbachia, Cardinium, and Rickettsia. The following specific primers were used: SpoulF (5Ј-GCTTAACTCCAGTTCGCC-3Ј) and SpoulR (5Ј-CCTGTCTCAATGTTAACCTC-3Ј) for the 16S rRNA gene of Spiroplasma (27) , wsp81F (5Ј-TGGTCCAATAAGTGATGAAGAAAC-3Ј) and wsp691R (5Ј-AAAAATTAAACGCTACTCCA-3Ј) for the wsp gene of Wolbachia (49), Ch-F (5Ј-TACTGTAAGAATAAGCACCGGC-3Ј) and Ch-R (5Ј-GTGG ATCACTTAACGCTTTCG-3Ј) for the 16S rRNA gene of Cardinium (48) , and Rb-F (5Ј-GCTCAGAACGAACGCTATC-3Ј) and Rb-R (5Ј-GAAGGAAAGC ATCTCTGC-3Ј) for the 16S rRNA gene of Rickettsia (designed by E. ZchoriFein). The following DNA samples were used as positive and negative controls for specific PCR detection: the fruit fly D. melanogaster infected with Spiroplasma (1), the fruit fly Drosophila simulans infected with Wolbachia (collected in Tsukuba by D.K.), the false spider mite Brevipalpus californicus infected with Cardinium (6), and the pea aphid Acyrthosiphon pisum infected with Rickettsia (37) .
Cloning and sequencing. From the whole-insect DNA of D. hydei, almost the entire length of the bacterial 16S rRNA gene (about 1.5 kb) was amplified by PCR with the primers 16SA1 (5Ј-AGAGTTTGATCMTGGCTCAG-3Ј) and 16SB1 (5Ј-TACGGYTACCTTGTTACGACTT-3Ј) (14) under the temperature profile of 94°C for 10 min, followed by 35 cycles consisting of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The PCR product was electrophoresed in an agarose gel, excised, purified by using a Gel Extraction Kit (QIAGEN, Japan), and cloned with the TA cloning vector pT7Blue (Novagen, Darmstadt, Germany) and Escherichia coli DH5␣ competent cells (Takara, Japan), in which ampicillin and X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) were used for the blue-white selection system. Plasmids were purified by using a MiniElute kit (QIAGEN). Sequencing reactions were performed by using the plasmids as template DNA with a GenomeLab sequencing kit (Beckman Coulter, Japan). Sequencing analyses were performed with a CEQ2000XL Sequencer (Beckman Coulter). The following sequencing primers were used: M13M4 (5Ј-GTTTTCCCAGTCACGAC-3Ј) and M13RV (5Ј-CAGGAAACAG CTATGAC-3Ј) in the flanking regions of the vector and internal primers 16SA2 (5Ј-GTGCCAGCAGCCGCGGTAATAC-3Ј), 16SA3 (5Ј-TGCATGGYTGTCG TCAGCTCG-3Ј), 16SB2 (5Ј-CGAGCTGACGACARCCATGCA-3Ј), and 16SB3 (5Ј-GTATTACCGCGGCTGCTGGCAC-3Ј) (14) . The 16S rRNA gene from the male-killing spiroplasma NSRO was also sequenced for reconstruction of the phylogenetic tree. In addition, the following protein-coding genes were amplified by PCR, cloned, and sequenced: the P58 gene, a gene sequence similar to the putative adhesin P58 gene (47) , was amplified by the primers p58-f (5Ј-GTTG GTTGAATAATATCTGTTG-3Ј) and p58-r (5Ј-GATGGTGCTAAATTATAT TGAC-3Ј) (28) ; spoT, a gene sequence similar to that of the (p)ppGpp 39-pyrophosphohydrolase spoT gene (20) , was amplified by the primers spoT-f (5Ј-CAAACAAAAGGACAAATTGAAG-3Ј) and spoT-r (5Ј-CACTGAAGCG TTTAAATGAC-3Ј) (28) ; and a partial sequence of the dnaA gene was amplified by the primers SRdnaAF1 (5Ј-GGAGAYTCTGGAYTAGGAAA-3Ј) and SRdnaAR1 (5Ј-CCYTCTAWYTTTCTRACATCA-3Ј) (1) .
Phylogenetic analysis. Nucleotide sequences were aligned by using the CLUSTAL W version 1.83 software (39) . Maximum-parsimony trees and neighbor-joining trees were constructed by using the program package PHYLIP version 3.63 (11) . Bootstrap resampling was performed with 1,000 replicates. DDBJ/ EMBL/GenBank accession numbers of Spiroplasma genes used for phylogenetic reconstruction are indicated in Fig. 2 .
Hemolymph transfer. The non-male-killing spiroplasma of D. hydei (line TKB163) was transferred to D. melanogaster (strain Oregon-R) by hemolymph injection. Collection and injection of spiroplasma-laden hemolymph were conducted under a dissecting microscope with thin glass capillary tubes made by a microelectrode maker (PN-3; Narishige, Tokyo, Japan). For capillary collection of hemolymph, the tip was inserted into the thoraxes of adult donor flies anesthetized on ice. Approximately 0.1 l (each) of the spiroplasma-laden hemolymph was injected by using an air pump into the thoraxes of adult recipient flies anesthetized on ice. The offspring of the injected flies were examined for spiroplasma infection by diagnostic PCR. To estimate the density of spiroplasma, G 2 progeny after transfection were subjected to quantitative PCR.
Quantitative PCR. To collect insect samples at different developmental stages, 20 adult females and 10 adult males were reared in each plastic vial with the cornmeal medium, from which first-, second-, and third-instar larvae and pupae were harvested. Newly emerged adult flies were transferred daily to new plastic vials with the cornmeal medium and harvested 0, 7, 14, 21, 28, and 35 days after emergence. These samples were individually subjected to DNA extraction by using a NucleoSpin Tissue kit (Macherey-Nagel, Düren, Germany). Real-time fluorescence detection quantitative PCR was performed by using SYBR Green and the Mx3000P QPCR System (Stratagene, La Jolla, CA). As an index of the titer of the spiroplasmas, the copy number of the dnaA gene was determined by using the primers dnaA109F (5Ј-TTAAGAGCAGTTTCAAAATCGGG-3Ј) and dnaA246R (5Ј-TGAAAAAAACAAACAAATTGTTATTACTTC-3Ј) under the temperature profile of 35 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s. To estimate the density of the spiroplasmas, the copy number of the host mitochondrial cytochrome c oxidase subunit II (COII) gene was determined for the same samples by using the primers COII-489f (5Ј-CATGAACAATTCCCG CTTTAGG-3Ј) and COII-590r (5Ј-ATTGTCCATAAAATAATCCTGGGC-3Ј) under the same temperature profile.
To compare the densities of spiroplasmas in different host species during adult aging, the numbers of spiroplasma dnaA copies were divided by the average body Statistical analysis. The spiroplasma density data were subjected to statistical analyses by using the software R version 2.2.0 (33). Multiple comparison was performed with Bonferroni corrections. Since some of the data sets did not exhibit normal distribution and/or homogeneous variance, we adopted the generalized linear model (25) with a normal, gamma, or negative binomial distribution, which was selected according to the Akaike information criterion.
RESULTS
Infection frequencies of Spiroplasma sp. in natural populations of D. hydei. In the wild-caught D. hydei individuals examined in this study, neither Wolbachia, Cardinium, nor Rickettsia was detected by diagnostic PCR, while Spiroplasma was detected at high frequencies: 28/108 (26%) in Tsukuba, 27/41 (66%) in Matsudo, 10/43 (23%) in Iwata, 4/17 (24%) in Naga, and 49/ 114 (43%) in Matsuyama, Japan (Fig. 1) .
Removal of spiroplasma infection from D. hydei by antibiotic treatment. (Fig. 2) . Monophyly of the male-killing spiroplasmas was strongly supported by the P58 gene sequences but only weakly supported by the spoT sequences. On the other hand, monophyly of the male-killing spiroplasmas plus the non-malekilling spiroplasma from D. hydei was strongly supported by the 16S rRNA and spoT sequences but only weakly supported by the P58 gene sequences (Fig. 2) .
Artificial transfer of the spiroplasma into D. melanogaster. Interspecific transfer of the non-male-killing spiroplasma from D. hydei to D. melanogaster reproducibly established a heritable infection in the recipient flies, in which the spiroplasma infection did not cause male killing (Table 1 ). The infection in D. melanogaster was stably maintained for two generations after injection, but although the reason was obscure, the fidelity of vertical transmission drastically dropped at the third generation (Table 1 ). In each of the generations, both the infected males and females had a remarkably shorter adult life span, and about half of them died within a week after emergence (data not shown). The infected females also suffered remarkably reduced fecundity in comparison with uninfected females (data not shown). Infection dynamics of the non-male-killing spiroplasma during the development of D. hydei. The infection titers of the spiroplasma in terms of dnaA copies per insect steadily increased during larval development and adult aging. The infection titers were at similar levels in adult males and females (Fig. 3A) . Infection densities of the spiroplasma in terms of dnaA copies per COII copy rapidly increased during larval development, reached a plateau at the third-instar larval and pupal stages, and gradually increased during adult aging. In adult insects, except those newly emerged, the infection densities were significantly higher in males than in females (Fig.  3B) , which was probably due to the larger body size of mature females. a Hemolymph of the spiroplasma-infected strain of D. hydei (TKB163) was injected into adult females of the uninfected strain of D. melanogaster (Oregon-R), and their offspring were examined. In each of the generation columns, a brood produced by a single female is indicated in a single line.
b For example, 9 (3/3) indicates that nine female adults emerged in the isofemale line and three of three adult females examined by diagnostic PCR were spiroplasma positive. Infection dynamics of the non-male-killing spiroplasma in the artificial host, D. melanogaster. Figure 4 shows the infection densities of the spiroplasmas during host aging. In the artificially transfected strain of D. melanogaster, infection densities of the spiroplasma were consistently higher than those in the original strain of D. hydei. In the same Oregon-R genetic background of D. melanogaster, the infection densities of the spiroplasma were lower than those of the male-killing spiroplasma NSRO and were at levels similar to those of the nonmale-killing spiroplasma NSRO-A (1). These differences in infection densities were statistically significant among 2-weekold flies (Fig. 5) and also among 1-week-old flies (data not shown).
DISCUSSION
In 1978, infection with the non-male-killing spiroplasma was detected in 51 of 111 individuals (45.9%) in a population of D. hydei (31) . After 27 years, we observed similar levels of spiroplasma infection (23.3 to 65.9%) in five different populations of D. hydei across mainland Japan, suggesting that the spiroplasma infection is ubiquitous and stably maintained in Japanese populations of D. hydei (Fig. 1) . Male-killing spiroplasmas have been reported in many Drosophila species (45), but to date, the infection in D. hydei is the only case of a naturally occurring spiroplasma that does not cause male killing in the Drosophila host. However, it is unclear whether male-killing spiroplasmas are more common in Drosophila species than non-male-killing spiroplasmas. It appears plausible that, without an apparent phenotype, non-male-killing endosymbionts are detected much less frequently than male-killing ones.
Male killing has been considered an evolutionarily adaptive trait for maternally transmitted endosymbionts on the ground that infected females can gain extra fitness due to reallocated resources from their killed brothers (16) . How, then, can the non-male-killing spiroplasma be prevalent in natural populations of D. hydei? As argued by Ebbert (10), the high prevalence of the non-male-killing spiroplasma may call into question the advantage of the male-killing trait. There are several possible mechanisms that may be relevant to the prevalence of the symbiont. Instead of causing male killing, the spiroplasma might cause different types of reproductive phenotypes, such as the cytoplasmic incompatibility known from Wolbachia and Cardinium (3, 15) . Alternatively, the spiroplasma might contribute to host fitness, acting as a mutualist of D. hydei. However, since D. hydei lives on nutrient-rich food sources, it seems unlikely that the spiroplasma provides the host with essential nutrients, as many microbial mutualists do (9). Actually, it was (45) reported that when a male-killing spiroplasma, WSRO, was transfected from D. willistoni into D. hydei, male-killing did occur. Taking these data together, the symbiont genotype, rather than the host genotype, is responsible for the non-malekilling phenotype of the spiroplasma in D. hydei. Vertical transmission of the spiroplasma in D. melanogaster was not stable for generations (Table 1) , and the transfected host insects suffered a shorter life span and reduced fecundity. Unstable vertical transmission and/or adverse effects on host fitness in association with symbiont transfection into novel hosts have also been reported in other insect-endosymbiotic systems (22, 26, 35, 41) .
The infection density of the spiroplasma of D. hydei was significantly elevated when it was transfected into D. melanogaster (Fig. 4) . This finding suggested that the density of the spiroplasma is regulated by the host genotype, as has been reported for Wolbachia and other insect endosymbionts (4, 19, 23, 32) . The elevated infection density in the novel host may be relevant to the adverse fitness effects described above and could be interpreted in the context of the theories of host-parasite associations and the evolution of virulence (7) .
The infection density of a symbiont is expected to affect the phenotypes caused by the symbiont infection, including the level of positive/negative fitness effects (2, 8, 12, 13, 34) and the intensity of reproductive manipulations (4, 5, 19, 36, 42, 43) . On the basis of quantitative analyses of a male-killing spiroplasma, NSRO, and a non-male-killing spiroplasma, NSRO-A, Anbutsu and Fukatsu (1) proposed a threshold density hypothesis for the expression of male killing, which claims that NSRO can proliferate above the threshold density in the host body and thus causes male killing, whereas NSRO-A remains at a lower infection level and thus does not kill males. In this context, it is conceivable that the spiroplasma of D. hydei is potentially capable of male killing but does not kill males because its infection density is below the threshold level. In accordance with this idea, the infection densities of the non-male-killing spiroplasma in D. melanogaster were much lower than those of NSRO and almost equivalent to those of NSRO-A (Fig. 4) , although it is also likely that the spiroplasma of D. hydei is unable to kill males because it is inherently incapable of male killing.
Molecular phylogenetic analyses revealed that the nonmale-killing spiroplasma of D. hydei is closely related to the male-killing spiroplasmas from D. willistoni, D. nebulosa, and D. melanogaster, forming a monophyletic group in the genus Spiroplasma (Fig. 2) . The phylogenetic trees on the bases of different genes consistently indicated that the spiroplasma of D. hydei is the most basal taxon of the clade (Fig. 2) . As for the origin of male killing, two parsimonious scenarios can be inferred from the phylogenetic relationship. One possibility is that the common ancestor of the clade had already evolved the male-killing ability and the trait has been lost in the lineage of the spiroplasma of D. hydei. Another possibility is that the common ancestor of the clade caused no male killing and the male-killing ability evolved in the clade after the divergence of the spiroplasma of D. hydei. The observation that a non-malekilling spiroplasma (NSRO-A) spontaneously emerged from a male-killing spiroplasma (NSRO) in the laboratory (46) indicates that the male-killing trait can be lost easily, which may favor the former scenario. On the other hand, the male-killing trait has evolved independently at least twice in the genus Spiroplasma, once in group II with male killers of Drosophila flies and once in group IV with male killers of ladybird beetles and butterflies (17, 21, 24) , which may favor the latter scenario. A wider survey of male-killing and non-male-killing spiroplasmas in natural populations of D. hydei and other Drosophila species would provide insights into the origin and evolution of the symbiont-induced reproductive phenotype.
